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Abstract
Electrochemical impedance spectroscopy has been used to study the electrochemical behaviour of ternary Mg60Ti10Si30 and Mg88Ti5Si7
alloy samples fabricated by mechanical alloying of the elemental powders in an argon atmosphere. The influence of different milling times up
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do 25 h and heat treatment on the electrochemical behaviour of the samples, after compacting under pressure into disks, has been investigated in
.1 M Na2SO4 and 0.01 M NaCl electrolyte solutions. Complementary measurements of open circuit potential, polarisation curves, and surface
nd microstructural analysis have been carried out. The experimental results revealed that corrosion is greater for Mg88Ti5Si7 which contains
ree magnesium; however, in sulphate solution a protective oxide layer formed can reduce the corrosion rate. In Mg60Ti10Si30, heat treatment
ncreases corrosion, which is explained through a greater tendency for pitting corrosion. Comparison is made between the electrochemical
mpedance data and the nanophase structure as well as with the electrochemical behaviour of other magnesium alloys.
2005 Elsevier Ltd. All rights reserved.
eywords: Magnesium alloys; Mechanical alloying; Corrosion; Electrochemical impedance
. Introduction
Magnesium’s low density has led to its being investigated
s a major alloy element for use in light-weight components
n the automotive and aerospace industries, thus increasing
unctionality per unit weight. Various types of magnesium
lloy have been considered. Most of them have included alu-
inium with the addition of a third element such as zinc.
ifferent synthesis methods have also been suggested, with
view to controlling the microstructure and in this way
mproving the properties. The limiting factor in nearly all
ases is the poor corrosion resistance of the alloys, owing to
he high activity of magnesium, particularly in a saltwater
nvironment [1], and thus alloying elements have been cho-
en particularly with a view to its improvement. Candidates
∗ Corresponding author. Tel.: +351 239 835295; fax: +351 239 835295.
E-mail address: brett@ci.uc.pt (C.M.A. Brett).
1 ISE member.
for this purpose include aluminium, referred to above, and
titanium, both of which form a self-healing corrosion layer,
although this is much more effective in the case of titanium
[2]. Titanium’s mechanical properties are also superior to
those of aluminium. Unfortunately, magnesium and titanium
are almost mutually insoluble and so normal alloying mixing
processes are not feasible. Only far-from-equilibrium pro-
cesses such as mechanical alloying (MA) and physical vapour
deposition (PVD) techniques can be successfully employed.
A third element with a great affinity for titanium and mag-
nesium can be also incorporated in order to increase alloy
strength by formation of fine-dispersion precipitates of inter-
metallic phases in the Mg matrix, the resulting alloys being
designated as metal matrix composite (MMC) materials. This
can be achieved by addition of silicon, since it forms inter-
metallic compounds with both Mg and Ti. Mechanical alloy-
ing, in which the elements in powder form are mechanically
mixed for a chosen period of time, usually under an inert gas
atmosphere to avoid oxidation or contamination, has been
013-4686/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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used for magnesium alloy synthesis [3,4], and in particular
for the MgTiSi system [5–7].
Magnesium has been the object of a number of elec-
trochemical and corrosion studies in chloride and sulphate
solutions [8–12], mainly with a view to a greater understand-
ing of the behaviour of its alloys. Although the effect of the
aggressive chloride ion is of paramount importance, many
studies use sulphate ion in order to study the corrosion pro-
cesses occurring. The effect of pH and pH buffering has also
been investigated since the rate of corrosion diminishes sig-
nificantly in alkaline solution.
Several magnesium alloys have also been studied [12–19],
particularly AZ91, which is a dual phase magnesium–
aluminium–zinc alloy. Various electrochemical techniques,
including electrochemical impedance spectroscopy, together
with surface analysis, have been used to probe the mechanism
of corrosion and the effect of alloy microstructure. Types of
corrosion observed include pitting, filiform and granular cor-
rosion. The influence of testing parameters on the corrosion
rate has been investigated [20], as has the nanocrystallinity
[21] and the increase of corrosion resistance by coating with
electroless nickel after chemical conversion of the surface
[22]. Other studies have addressed the problem of galvanic
corrosion [23] and of atmospheric corrosion-temperature,
relative humidity and chloride deposition [24].
Present understanding of the mechanism of corrosion of
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from Mg, Si and Ti powders with purity of 99.6%, 99.5%
and 99.0% and average particle sizes of 60, 10 and 75m,
respectively. Milling was performed in a Fritsch Pulverisette
6 planetary ball mill using a hardened steel vial (250 ml) and
balls (15 balls of 20 mm diameter each) for times between 1
and 25 h. The ball-to-powder weight ratio was 20:1, and the
rotation speed was 500 rpm. In order to avoid contamination,
milling was performed in an argon atmosphere.
2.2. Structural analysis of samples
The powder samples obtained by milling were analysed
by X-ray diffraction (XRD) with Co K radiation and scan-
ning electron microscopy (SEM). Based on the DSC curves
[30], the milled samples were annealed in a vacuum furnace
at 500 and 900 ◦C (Mg60Ti10Si30 samples) or at 300 and
500 ◦C (Mg88Ti5Si7 samples). The structure of the mixtures
was evaluated at room temperature by XRD.
2.3. Electrochemical experiments
For electrochemical experiments, the powders were com-
pacted with a uniaxial pressure of 470 MPa into 10 mm diam-
eter disks of 1 mm thickness; there was no visible porosity by
microscopy. They were mounted as electrodes, by attaching
a wire onto one face using silver epoxy and then covering this
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aagnesium alloys has been reviewed in the light of their
se in the transportation industry [25,26], complicated by
he negative difference effect, i.e. the increase in both anodic
nd cathodic reactions as the potential increases above the
pen circuit value, and by fatigue-induced corrosion [27].
To our knowledge, the electrochemical behaviour of mag-
esium alloys prepared by mechanical alloying has been little
nvestigated. Ozaki et al. studied the corrosion behaviour of
ulk amorphous Mg75Ni15Si10 alloy [28]. Grosjean et al.
nvestigated the effect of ball milling on the corrosion resis-
ance of pure magnesium in alkaline aqueous media, finding
n improvement which they attributed to increased surface
efects and grain boundaries where a protective magnesium
ydroxide layer could be formed [29].
This paper deals with the influence of the nanostruc-
ure on the corrosion behaviour of mechanically alloyed
g60Ti10Si30 and Mg88Ti5Si7 samples with and with-
ut annealing, studied by electrochemical impedance spec-
roscopy (EIS). The as-mechanically alloyed powders have
een previously characterised by X-ray diffraction and scan-
ing electron microscopy and their thermal stability evaluated
y differential scanning calorimetry (DSC) [30].
. Experimental
.1. Sample preparation
Samples of nominal compositions (wt.%) Mg60Ti10Si30
nd Mg88Ti5Si7 were synthesised by mechanical alloyingnd the rest of the sample with normal epoxy resin, except for
ne disc surface. Immediately before experiments the surface
as mechanically polished with SiC abrasive paper down to
800 grit and rinsed with acetone.
Electrochemical experiments were carried out in 0.01 M
aCl and 0.1 M Na2SO4 aqueous solutions, chosen in order
o permit comparisons with results in the literature for other
agnesium alloys. All solutions were made with analytical
rade chemical reagents and Millipore Milli-Q water (resis-
ivity > 18 M cm). Experiments were carried out at room
emperature (25 ± 1 ◦C). The electrochemical cell also con-
ained a platinum foil auxiliary electrode and a saturated
alomel electrode (SCE) as reference.
Measurements of the open circuit potential (OCP) and
ts variation with time, and the recording of polarisation
urves were done using a Princeton Applied Research PAR
73A potentiostat. Electrochemical impedance spectra were
ecorded at an applied potential equal to the open circuit
otential at the beginning of the experiment, after immer-
ion in electrolyte solution for enough time in order to
ttain a sufficiently constant value of the OCP—2.5 h for
g60Ti10Si30 and 1 h for Mg88Ti5Si7. A Solartron 1250 Fre-
uency Response Analyser coupled to a 1286 Electrochemi-
al Interface controlled by ZPlot software was employed over
he frequency range 10 kHz to 0.1 Hz, or lower down to a min-
mum of 1 mHz if the system was sufficiently stable over the
xperimental timescale, which only occurred in sodium sul-
hate solution after heat treatment with Mg60Ti10Si30 sam-
les. A 10 mV rms sinusoidal voltage perturbation was used
nd five steps per frequency decade.
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3. Results and discussion
3.1. Structural analysis of the milled samples with and
without subsequent heat treatment
Characterisation of the alloys by XRD clearly showed
the structural order of the magnesium phase decreasing with
milling time [30]. The intermetallic Mg2Si is formed already
at the beginning of the process. For the lower silicon con-
tent sample the final structure after milling is Mg2Si in a Mg
matrix; for the other, Ti5Si3 is formed with the remaining
silicon not used in the formation of Mg2Si (Fig. 1a). Very
little structural change occurred during heat treatment of the
samples, see Fig. 1b.
XRD analysis did not show any phase transformation of
the Mg60Ti10Si30 sample up to 500 ◦C. However, anneal-
ing at higher temperatures (900 ◦C) gave rise to another
intermetallic (TiSi2), which might be the result of par-
tial decomposition of Mg2Si followed by the reaction of
Ti5Si3 with Si to form TiSi2 and Mg with residual oxy-
gen from the environment to form MgO phases (Fig. 1b).
An increase of the grain size of the Mg2Si and Ti5Si3
phases is also observed during heat treatment (Table 1).
Concerning the Mg88Ti10Si7Tsample, the only noticeable
feature is the increase of the XRD peak intensity and the
decrease of the peak width at half height meaning growth
in grain size of the Mg and Mg2Si phases. In spite of this
growth, both samples are nanocrystalline even after heat treat-
ment.
3.2. Influence of immersion time on open circuit
potential and corrosion rate
Open circuit potential experiments were conducted in
0.01 M NaCl and 0.1 M Na2SO4 solutions. Typical exam-
ples of traces obtained in 0.01 M NaCl electrolyte for the two
types of sample after 25 h milling are shown in Fig. 2. For both
types of sample in 0.1 M Na2SO4, and for the Mg60Ti10Si30
in 0.01 M NaCl, the variation of open circuit potential was of
the form of that in Fig. 2a, reaching a relatively constant value
after less than 1 h immersion. There was also the formation of
a black layer on the sample surface, attributed to the forma-
tion of oxides (see below) and pitting corrosion then began to
occur. For Mg88Ti5Si7 in 0.01 M NaCl, which contains free
magnesium, the potential increased rapidly over a period of
1 min and then became slightly more negative before becom-
ing more positive again and reaching a steady value—this
type of behaviour occurred for samples milled for different
times and with our without heat treatment. The initial sharp
variation is due to magnesium corrosion, then there is someFig. 1. XRD patterns of samples of: (a) mechanically alloyed Mg60Ti10Si30 and Mg88Ti5Si7; (b) heat-treated (i) Mg60Ti10Si30 and (ii) Mg88Ti5Si7.
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Fig. 2. Variation with time of open circuit potential following immersion in
0.01 M NaCl solution of (a) Mg60Ti10Si30 and (b) Mg88Ti5Si7 samples after
25 h milling.
protective oxide formation. Since the samples have a small
porosity as well as phase boundaries, the effect of electrolyte
penetration probably caused the further smaller shift in the
positive direction.
The surfaces of the samples were examined by scanning
electron microscopy following corrosion and showed the for-
mation of tiny pits and flaws, even in the less aggressive 0.1 M
Na2SO4 solution, shown in Fig. 3, and much more evident
for the Mg88Ti5Si7 sample, see example in Fig. 3b. Chemical
microanalysis confirmed the formation of a layer of titanium
and magnesium oxides in all cases.
Polarisation curve analysis [30] did not permit clear
distinctions between the different milling times and heat
treatments in sodium sulphate solution, with corrosion cur-
rents of the order of 10–40A cm−2. However, in sodium
chloride solution currents could reach an order of magni-
tude higher and differences became apparent between the
various sintering conditions and heat treatments for the
alloys. This is illustrated in the curves of Fig. 4, where
the differences in corrosion potential and corrosion cur-
rent are clearly evident. General conclusions from these
tests were that for the Mg60Ti10Si30 sample, which shows
a much lower corrosion current, increased milling time
and heat treatment does not significantly change the cor-
rosion current values, whereas for the Mg88Ti5Si7 sample,
increased milling and heat treatment up to 300 ◦C both
Fig. 3. Scanning electron microscopy of corroded areas of (a) Mg60Ti10Si30
and (b) Mg88Ti5Si7 samples after immersion in 0.1 M Na2SO4 solution for
3 h.
reduce the corrosion current, which increases again following
heat treatment at 500 ◦C. This suggests that the nanostruc-
ture plays a significant role and will be discussed further
below.
The information from open circuit potential and polarisa-
tion experiments was used for choosing the best conditions
and immersion time for carrying out the electrochemical
impedance experiments.
Fig. 4. Polarisation curves for a Mg88Ti5Si7 sample after heat treatment at
300 ◦C immersed in (—) 0.1 M Na2SO4 and (- - -) 0.01 M NaCl.
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3.3. Electrochemical impedance
Representative complex plane spectra are shown in
Figs. 5–8 for the two types of sample in the two electrolyte
solutions tested and for different conditions of milling time
and heat treatment. The electrochemical impedance spectra
showed some variation from one sample to another, which
reflects the variations in composition of the sintered sam-
ples. For this reason, the experiments were repeated several
times in all cases.
Examination of the spectra reveals significant differ-
ences between the two electrolyte solutions in the case of
Mg60Ti10Si30 samples, Figs. 5 and 6. It should be remem-
bered that in this case there is, in principle, no free magnesium
in the matrix. According to the compositional analysis of
the materials, after 10 h milling a small amount of Mg has
not yet been transformed into Mg2Si, which can explain dif-
ferences between the spectra after 10 and 25 h milling in
both sulphate and chloride solution. The increase of the grain
size of phases Mg2Si and Ti5Si3 after 500 ◦C heat treatment,
Table 1, is reflected in the altered impedance spectra. Heat
treatment at 900 ◦C causes structural changes with formation
Table 1
Grain size of the Mg60Ti10Si30 and Mg88Ti5Si7 milled samples heat treated
at different temperatures
Condition Mg60Ti10Si30 Mg88Ti5Si7
Mg2Si
(nm)
Ti5Si3
(nm)
TiSi2
(nm)
Mg
(nm)
Mg2Si
(nm)
25 h milling 20 4 – 40 20
T = 300 ◦C – – – 45 36
T = 500 ◦C 37 8 – 60 50
T = 900 ◦C 45 11 32 – –
of TiSi2 (and a tiny amount of MgO) and the spectra change
significantly. The low-frequency inductive loop appearing in
NaCl solution after 900 ◦C heat treatment can be ascribed
to chloride-induced pit formation. A final point to note is
that the potential is sufficiently stable after heat treatment
in both sodium sulphate and sodium chloride electrolytes to
permit reaching frequencies lower than 0.01 Hz (5 min data
acquisition time). The correlation of these changes and the
impedance spectra will be discussed further in the following
section.
F
Nig. 5. Representative complex plane impedance spectra, showing the effect of mi
a2SO4 solution after 2.5 h immersion.lling time and heat treatment on Mg60Ti10Si30 samples recorded in 0.1 M
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Fig. 6. Representative complex plane impedance spectra, showing the effect of milling time and heat treatment on Mg60Ti10Si30 samples recorded in 0.01 M
NaCl solution after 2.5 h immersion.
Regarding the Mg88Ti5Si7 samples, which contain free
magnesium, titanium and Mg2Si after milling, the spectra
are much more similar to those of other magnesium alloys,
e.g. [16], and the impedance values are, in general, smaller
than for the Mg60Ti10Si30 samples. Considering the capaci-
tive loop, the time constant remains similar for all milling and
heat treatment conditions tested in both electrolyte solutions,
contrasting with the changes seen for the other sample type.
In sodium sulphate solution there are indications of a low
frequency inductive loop which can be attributed to relax-
ation processes as for other magnesium alloys, as well as in
chloride solution, that is probably due to pit formation.
The semi-circular loops at high frequencies in the spectra
were modelled using a parallel combination of a resistance,
R, and a constant phase element (CPE) in series with the cell
resistance representing the film and charge transfer effects
[11], where the CPE models a non-ideal capacitor. Whilst
from inspection of the spectra in Figs. 5–8 it is clear that this
can be applied to Mg88Ti5Si7 samples, for the other sample
type the semicircular form is less clear, and the spectra are
more complex. Therefore, a sufficiently reasonable frequency
range was chosen for fitting the “high frequency” part of
the spectra in order to obtain equivalent circuit values for
comparative purposes, but it should be noted that the model is
clearly a significant simplification of the interfacial processes.
The capacity values, in the Mg60Ti10Si30 samples, were
of the order of 100–300F cm−2 with a roughness exponent
between 0.6 and 0.7. In the case of Mg88Ti5Si7 samples, val-
ues were between 100 and 200F cm−2 and the roughness
exponent was higher at around 0.8. The reason for this can
probably be traced to the fact that the latter samples con-
tain magnesium which forms an oxide layer on the surface,
thus reducing any effect of localised roughness or structural
imperfections and surface flaws.
The values of R obtained are given in Table 2, from the
average of several spectra. It was difficult to register repro-
ducible spectra for Mg60Ti10Si30 in 0.01 M NaCl solution. In
the case of Mg60Ti10Si30 in 0.1 M Na2SO4 solution, which
was does not show a clear semicircle, fitting was done down
to a frequency of 1 Hz. Table 2 shows that heat treatment
appears not to be beneficial for the corrosion resistance.
By contrast, in the Mg88Ti5Si7 samples, where there is free
magnesium, the values increase in sulphate solution, but in
chloride electrolyte the benefits arising from long milling
times are removed on heat treatment, when the Mg2Si grain
size increases, apparently leading to easier attack.
1758 C.M.A. Brett et al. / Electrochimica Acta 51 (2006) 1752–1760
Fig. 7. Representative complex plane impedance spectra, showing the effect of milling time and heat treatment on Mg88Ti5Si7 samples recorded in 0.1 M
Na2SO4 solution after 1 h immersion.
3.4. Discussion and comparison with other Mg alloys
The nanostructure of the alloys can aid in explaining the
electrochemical results and the EIS results throw further light
on the corrosion process, in ways which are not possible with
other techniques.
Table 2
Average values of polarisation resistance, R, for the mechanically alloyed
samples from impedance spectra after immersion in electrolyte for 1 h
(Mg60Ti10Si30) and 2.5 h (Mg88Ti5Si7)
R ( cm2)
0.1 M Na2SO4 0.01 M NaCl
Mg60Ti10Si30
10 h milling 2000 –
25 h milling 1600 2500
25 h milling/500 ◦C 500 –
25 h milling/900 ◦C 800 600
Mg88Ti5Si7
10 h milling 610 210
25 h milling 680 420
25 h milling/300 ◦C 1000 220
25 h milling/500 ◦C 1020 100
Both types of sample contain Mg2Si phases of different
grain size, varying from 20 nm after milling to 45–60 nm after
heat treatment, see Table 1, and which have been suggested
to be good pit initiation sites [11]. Regarding Mg60Ti10Si30,
the increase in Mg2Si grain size on heat treatment would
therefore increase the corrosion rate, which is in agreement
with the R values obtained from the impedance spectra,
Table 2. The component Ti5Si3 appears to exert less influ-
ence; the lower corrosion rate at 900 ◦C is probably due to
the reduced length of exposed interphase boundaries rather
than the appearance of TiSi2.
The behaviour of Mg88Ti5Si7 is dominated by the free
magnesium and Mg2Si plays a secondary role. Thus, it is
easier for the protective oxide film formed in solution on
the magnesium to cover the whole surface, as occurs in sul-
phate solution; increasing grain size enhances this tendency.
In sodium chloride solution, however, the formation of small
pits in the surface, discussed earlier, has a greater influence
together with the possibility of Mg2Si nucleation sites – these
phases also increase in size – and the opposite trend is seen
with increase rate of corrosion and lower polarisation resis-
tance.
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Fig. 8. Representative complex plane impedance spectra, showing the effect of milling time and heat treatment on Mg88Ti5Si7 samples recorded in 0.01 M
NaCl solution after 1 h immersion.
It is instructive to compare the EIS results obtained with
those of AZ91 alloy and AZ91 alloy with a higher silicon
content [15,16]. These alloys contain, besides magnesium,
aluminium, manganese and zinc and a small percentage of sil-
icon which gives rise to Mg2Si [15]. In these cases, normally
three loops appear in the impedance spectra, two capacitive
loops and an inductive loop. The high frequency capacitive
loop has been ascribed to charge transfer and the film of cor-
rosion products formed. The medium frequency capacitive
loop has been attributed to the relaxation of mass transport
in the solid phase and disappears at long immersion time
[15]. In the present study, a medium frequency capacitive
loop appears for Mg60Ti10Si30, but is not clearly separated
from the high frequency loop—however, the phase nanos-
tructure is completely different. Finally, the inductive loop
at low frequency is due to the relaxation of adsorbed species
such as Mg(OH)ads+ or Mg(OH)2. The low frequency induc-
tive loop is evident in the Mg88Ti5Si7 samples where there is
free magnesium, as in the AZ91 alloy.
Although EIS experiments were carried out at the open
circuit potential, some consideration should be given to the
negative difference effect, owing to its pernicious effects on
the corrosion of pure magnesium and magnesium alloys. This
is because a potential positive of the open circuit potential
oxidation of magnesium gives rise to Mg+ which is then
hydrolysed leading to hydrogen evolution and Mg(OH)2.
This is a further reason, besides the higher corrosion resis-
tance, to use the Mg60Ti10Si30 alloy.
4. Conclusions
Electrochemical impedance has been used to charac-
terise magnesium-titanium-silicon ternary alloys produced
by mechanical alloying. It has been shown to be extremely
useful, allied with other electrochemical techniques, for the
evaluation of the corrosion resistance of these systems, fur-
nishing extra, valuable information for the characterisation of
the corrosion process. EIS shows the diagnostic features of
the alloys, demonstrates clearly the influence of milling time
and heat treatment and brings out better than other techniques
the problems of sample surface reproducibility which is one
of the most crucial factors for examining and predicting the
performance of these types of alloy under service conditions.
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It was shown that the corrosion resistance of the
Mg60Ti10Si30 alloy is higher than that of Mg88Ti5Si7,
owing to its chemical composition and changes in the alloy
microstructure occurred during milling and subsequent heat
treatment, the latter reducing the corrosion resistance. For
the Mg88Ti5Si7 alloy, the corrosion resistance increases with
milling time and the influence of heat treatment depends on
the bathing electrolyte, and has an impedance behaviour sim-
ilar to AZ91 magnesium alloys at long immersion times.
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